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The fructose analogue, 2,5-anhydro-D-mannitol (2,5-AM), triggers feeding in rats via a mechanism linked to its ability to trap phosphate
and deplete hepatic ATP. This metabolic inhibitor is particularly useful in the study of the role of the liver in initiation of feeding as its effects
are preferentially localized to the liver, and its metabolic consequences have been extensively characterized. To determine whether changes in
intracellular calcium may participate in a mechanism conveying information about hepatic energy status to the nervous system, we studied
the effects of 2,5-AM on intracellular calcium in isolated hepatocytes using the ratiometric indicator, fura-2. 2,5-AM elicited a marked
elevation of intracellular calcium within 2–3 min of exposure that returned to baseline upon removal of the agent. Removal of external
calcium failed to prevent this response, while emptying intracellular stores prevented it. These data are consistent with the hypothesis that
hepatic energy status may be conveyed to the nervous system via a calcium-mediated secretion event.D 2003 Elsevier B.V. All rights reserved.Keywords: 2,5-Anhdyro-D-mannitol; Hepatocyte calcium; Appetite1. Introduction
The fructose analogue 2,5-anhydro-D-mannitol (2,5-AM)
stimulates food intake in rats via a mechanism involving
trapping of phosphate and reduction of ATP in liver [1,2].
Like fructose, 2,5-AM is transported into hepatocytes and
phosphorylated at the 1 and 6 positions [3]. In contrast to
fructose-1,6-bisphosphate, the phosphorylated form of 2,5-
AM is not a substrate for aldolase, preventing further
metabolism. 1,6-bisphosphate 2,5-AM is also not a substrate
for fructose-1,6-bisphosphatase. The net effect is to trap
phosphate, which prevents recycling of used adenosine
nucleotides into ATP and results in depletion of ATP and
increased excretion of uric acid due to degradation of
adenosine [4].
Several lines of evidence indicate that the signal gener-
ated in the liver is transmitted to the brain in part by the
hepatic vagus nerve. Intraportal infusion of 2,5-AM results
in an increase in vagal activity [5] and in c-fos expression0167-4889/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0167-4889(03)00099-5
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E-mail address: rawson@monell.org (N.E. Rawson).within the nucleus of the solitary tract [6], and both the
eating response [2] and c-fos activation are dependent on an
intact hepatic vagus nerve. Although some changes in
plasma metabolites do occur following 2,5-AM, these
changes do not correlate with the eating behavior under a
variety of conditions in which various components of the
responses are blocked. For instance, supplementation with
phosphate prevents the decline in ATP and in food intake,
without affecting the changes in fuel metabolites [1].
While many studies have examined the metabolic and
behavioral effects of this compound, the means by which
the liver relays to the nervous system the information that
ATP levels are low remains a mystery. The absence of
identified nerve endings within the hepatic parenchyma in
rat [7] renders the possibility of direct hepatocyte-to-nerve
signaling unlikely. However, a ‘‘metabolically sensitive’’
nerve ending within the hepatic vagus also seems an
unlikely mechanism, as nerve cells lack the fructokinase
enzyme that promotes the rapid uptake and phosphoryla-
tion of fructose and its analogues [8], and contain phos-
phocreatine which would be expected to serve as a buffer
to prevent phosphate depletion to the degree necessary to
result in a decrease in ATP. Further, changes in ATP have
not been observed in tissues other than the liver in
Fig. 1. (A) 5 mM 2,5-AM induces an increase in intracellular calcium in an
isolated hepatocyte. (B) The response to 2,5-AM is approximately 1/5 that
of the maximal ionomycin-stimulated response in the same cell.
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receptor is a potential mechanism that remains under
investigation, a process involving a signal released from
hepatocytes that modulates neural activity is a more
plausible scenario.
An elevation of internal calcium is a necessary precursor
to exocytosis in many cell types. Changes in intracellular
calcium are communicated in carefully regulated patterns
throughout the liver permitting an integrated, organ-level
response to a calcium-mobilizing stimulus [9]. If 2,5-AM-Table 1
Mean calcium levels (nM) before and during stimulation with 2,5-AM
(2,5-AM) Baseline
(Ca2 +)i
Peak
(Ca2 +)i
1 mM 70F 9 95F 8
2.5 mM 135F 23 209F 42
5.0 mM 65F 11 104F 16
2,5-AM in Ca2 +-free buffer 49F 19 78F 27
All values are meanF S.E.induced an increase in intracellular calcium in hepatocytes,
it would suggest a means by which a metabolic change
could be communicated throughout the liver and potentially
to the nervous system via secretion of a neurally active
chemical. Intracellular calcium is a critical player in the
regulation of hepatic metabolism, such that conditions in
which energy levels are low lead to elevation of [Ca2 +]i and
activation of catabolic processes [10]. Thus, a calcium
signal would be an excellent candidate to coordinate both
the metabolic and behavioral changes appropriate to com-
pensate for depletion of hepatic fuels [10]. In this model,
secretion of a neuromodulatory messenger resulting from a
calcium signal would coordinate both the metabolic and
behavioral adjustments appropriate to compensate for de-
pletion of hepatic fuels. To test the first step in this
hypothesis, i.e., whether an increase in internal calcium
occurs in response to 2,5-AM, the present study investigated
the effects of 2,5-AM on intracellular calcium concentra-
tions ([Ca2 +]i) in isolated hepatocytes using ratiometric
fluorescence imaging.2. Materials and methods
2.1. Hepatocyte isolation
Male Sprague–Dawley rats were purchased from Charles
River Laboratory (Wilmington, MA) and housed singly on a
12:12 h light/dark cycle. They were fed a semi-synthetic diet
ad lib prior to experiments. The diet contained 63% carbo-
hydrate, 13% fat and 24% protein calories, respectively [11]
and was made by Dyets (Bethlehem, PA). Rats (200–300 g)
were anaesthetized with Ketamine (100 mg/kg)/aceproma-
zine (1 mg/kg) in the early part of the light cycle for
perfusion of the liver with collagenase using standard
methods [12]. All procedures were carried out in accordance
with protocols approved by the Institutional Care and Use
Committee of Monell Chemical Senses Center. Harvested
hepatocytes were washed and resuspended in Waymouth
Medium (Sigma-Aldrich; supplemented with 10% fetal
bovine serum) in a Petri dish with a thin glass coverslip
(Thomas, No. 00) placed on the bottom. The dish was then
placed in a 37 jC CO2 (5%) incubator for at least 3 h. This
allows the cells to recover from the isolation procedure and
attach to the coverslip.Change from
baseline (%)
Time to
Peak (s)
n
responding
n
tested
37F 11 136F 39 3 7
51F 8 179F 15 35 82
102F 35 171F 24 12 30
139F 26 10 10
Fig. 2. (A) An increase in intracellular calcium is observed in response to 5
and 2.5 mM 2,5-AM. Removal of external calcium does not prevent the
calcium response, which is repeated upon restoration of external calcium.
Representative of seven experiments with either 2.5 or 5 mM 2,5-AM (see
Table 1). (B) A second cell in which the response to 2.5 mM 2,5-AM was
not observed when refilling of the internal calcium stores is prevented by
removing external calcium following the initial 2,5-AM response. In this
cell, a second response to 2,5-AM is not seen in the presence of neomycin.
(C) Calcium trace from a hepatocyte that exhibited an increase in [Ca2 +]i to
5 mM 2,5-AM when external calcium is replaced with cobalt. This response
was blocked by neomycin (1 mM; representative of four independent
experiments).
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Hepatocytes were loaded with the acetoxymethyl ester of
fura-2 by incubating the cells in culture medium supple-
mented with 2 AM fura-2-AM and 20 mg/ml pluronic F127
(Molecular Probes, Eugene, OR) for at least 30 min prior to
imaging to allow uptake and de-esterification of the fura-2-
AM. Coverslips with fura-2-loaded cells were then placed in
a recording chamber and continuously bathed with Hank’s
buffer at room temperature. Stimulus solutions were applied
by switching the superfusions; this allowed a complete
change of bath solutions within 10 s.
Calcium imaging recordings were performed using stan-
dard imaging techniques [13]. Cells were illuminated with
light emitted by a 75 W Xenon lamp alternately filtered with
narrow band-pass filters at 340 nm (Ca+ 2 sensitive), then
360 nm (Ca+ 2 insensitive). Emitted light from the fura-2 in
the cells under microscopic magnification was filtered at
510 nm and passed through an image intensifier (OPELCO
KS-1380) coupled with a Sanyo CCD camera. Images were
digitized and analyzed using a Quantimet 570 Image Anal-
ysis Workstation (Leica, Deerfield, IL). Digitized images
were averaged over about 500 ms and acquired at 3–5 s
intervals, and [Ca+ 2]i was computed from the ratio of
emitted light from 340 and 360 nm excitation multiplied
by a calibration factor based on the maximum and minimum
fluorescence emission levels determined on each experi-
mental day (additional details are described in Ref. [13]).
While this value does not represent absolute intracellular
calcium concentrations [14], the conversion facilitates com-
parison of experiments done on different days, and is a
widely used measure for monitoring changes in internal
calcium over time (e.g., [13,15–17]). Hepatocytes remained
viable in the recording setup for over 2 h without visible
effects of dye bleaching. Fluorescence values obtained in
regions delineated outside of cells (‘‘blanks’’) were unaf-
fected by 2,5-AM, demonstrating that this compound does
not fluoresce under the excitation wavelengths and emission
filters used. In addition, nonspecific fluorescence artifacts
resulting from interaction between the 2,5-AM and the dye
(e.g., quenching) were ruled out in separate calibration
experiments. This is further supported by the observation
that only a subset of cells exhibited fluorescence changes in
response to the compound.
2.3. Solutions and stimuli
Hepatocytes were superfused during imaging with nor-
mal Hank’s buffer (in mM): 136 NaCl, 54 KCl, 0.81
MgSO4–7H2O, 0.44 KH2PO4, 8.3 glucose, 18 HEPES,
and 1 CaCl2. For calcium-free Hank’s, CaCl2 was omitted
from the solution and 2 mM EGTA added. 2,5-AM was
purchased from Toronto Research Chemicals (North York,
ON, Canada) and was freshly dissolved in buffer at the
indicated concentrations. Other chemicals were from Sigma
and were of the highest purity available.
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A response was defined as a change in the fluorescence
ratio beginning within 5 min of exposure, reaching a stable
maximum of at least 10% above the pre-stimulus baseline
and returning towards baseline following washout of the
stimulus. Only cells whose intracellular calcium levels
returned to within 5% of initial baseline values following
washout of the stimulus were included in the analysis. The
change in calcium was computed for each cell individually
as the peak pre-stimulus baseline value. Calcium levels were
compared with paired t-tests and a significance cutoff of
0.05. Values between doses or conditions were compared
with unpaired t-tests for unequal sample sizes. Data are
presented as individual points with smoothed lines based on
three-point averaging.
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Approximately 40% of hepatocytes tested exhibited an
increase in intracellular calcium ([Ca2 +]i) upon incubation
in 5 mM 2,5-AM (Fig. 1A, Table 1). The calcium response
occurred within 2–4 min of exposure and remained elevated
until removal of the inhibitor, when [Ca2 +]i gradually
declined to pre-stimulus baseline. The magnitude of the
change was generally about 20% of the maximal response
using the calcium ionophore ionomycin (Fig. 1B). Changes
in intracellular ATP levels have also been reported upon
incubation of hepatocytes with 1 and 2.5 mM 2,5-AM, and
these doses also elicited increases in intracellular calcium in
about the same proportion of hepatocytes (Table 1). Al-Fig. 3. Thapsigargan elicits an increase in intracellular calcium by blocking re-up
calcium in cells whose internal calcium stores were emptied, but the response recthough a trend toward larger calcium responses with in-
creasing dose was observed (Table 1), this was not
statistically significant, and there was no main effect of
dose on either pre-stimulus baseline, peak, or post-stimulus
calcium levels, percent change in calcium or time to peak
response. The averageF S.E. calcium level prior to stimu-
lation for all responsive cells regardless of 2,5-AM concen-
tration was 113.5F 16.6 nM and the average peak calcium
level in the presence of 2,5-AM was 176.5F 30.5 nM
( P < 0.001, n = 50, paired t-test) which returned to
112.7F 16.5 nM following washout. The average time to
peak response was 2.56 min, and ranged from 20 s to 7.5
min. These values are consistent with the time course of the
effect of 2,5-AM on intracellular ATP and metabolites in
isolated hepatocytes monitored in cell suspensions using P31
NMR spectroscopy [18]. Cells not responding to 2,5-AM
did not differ in baseline calcium from those responding.
As a first step toward identifying the mechanisms under-
lying the 2,5-AM-induced calcium response, we determined
whether the increase in [Ca2 +]i was due to influx of
extracellular calcium or release from internal sources. The
2,5-AM-induced increase in [Ca2 +]i was not prevented by
removal of calcium from the extracellular solution (Fig.
2A,B). Similar results were obtained in six other experi-
ments, and the average change in [Ca2 +]i in response to 2,5-
AM in the presence or absence of external calcium was not
significantly different (Table 1). In other experiments, we
confirmed this by substituting cobalt, which does not
permeate calcium channels, for calcium in the buffer. As
shown in Fig. 2C, the calcium response to 2,5-AM was not
prevented by replacement of external calcium with cobalt
(representative of three separate experiments).take into internal stores. 2,5-AM failed to elicit an increase in intracellular
overs following washout of thapsigargan in calcium containing buffer.
N.E. Rawson et al. / Biochimica et Biophysica Acta 1642 (2003) 59–66 63A variety of agonists induce release of calcium from
intracellular stores that are dependent on hydrolysis of
PtdIns (1,4,5)P3 by phospholipase C [19–22]. To determine
whether 2,5-AM acted in this way, we used an inhibitor of
phospholipase C, neomycin [23,24]. As shown in Fig. 2B
and C, hepatocytes incubated with neomycin prior to and
during stimulation with 2,5-AM, exhibited no change in
[Ca2 +]i during the 2,5-AM treatment. The likelihood of
release from internal stores is further supported by the
finding shown in Fig. 2B, that no response to 2,5-AM
was observed when refilling of internal stores was prevented
by switching immediately to calcium-free buffer after 2,5-
AM. In contrast, a calcium response was observed in all
cells exposed to 2,5-AM in the absence of external calcium,
when the previous 2,5-AM treatment was followed by
incubation in normal buffer (as in Fig. 2A). In the final
experiment, involvement of internal stores was further
investigated by blocking refilling of intracellular stores with
thapsigargan, which results in store emptying [23]. As
shown in Fig. 3, prior incubation with thapsigargan in the
presence of external calcium resulted in an increase in
intracellular calcium indicating successful store emptying,
and prevented the increase in calcium induced by 2,5-AM.
The response to 2,5-AM was restored upon washout of the
thapsigargan in the presence of external calcium.
The calcium response to 2,5-AM may be related to its
effects on hepatocyte metabolism and its ability to deplete
intracellular ATP or may be due to direct effects of osmolyte
transport across the cell membrane which could alter water
content. Fructose is transported and phosphorylated like 2,5-
AM, but, unlike 2,5-AM, can be used for energy production.
At low doses (below 4 mM), fructose has a minimal effect
on isolated hepatocyte ATP levels within 10 min of incu-
bation [25] and 2.5 mM elicited only a small decrease inFig. 4. A high concentration of fructose (12 mM) elicits an increase in [Ca2 +]i in
cells tested with 2.5 mM fructose, none exhibited a calcium response (not shownhepatocyte ATP levels after 15 min (G. Graczyk-Milbrandt,
pers. commun.). At higher doses (6–15 mM), the rate of
uptake and phosphorylation of fructose exceeds the capacity
of the hepatocyte to further process the substrate, and a
substantial decrease in ATP is observed [25]. To determine
whether the calcium response to 2,5-AM may be in part a
consequence of osmolyte transport, we compared the
responses to 2,5-AM with those of fructose. Of seven cells
that responded to 2.5 mM 2,5-AM, none responded to 2.5
mM fructose. In contrast, exposure to 12 mM fructose, did
lead to a calcium response (Fig. 4).4. Discussion
This study demonstrates that a metabolic inhibitor pre-
viously shown to elicit feeding in rats by trapping phosphate
and decreasing hepatocyte ATP levels also stimulates an
increase in intracellular calcium in about 40% of isolated
hepatocytes tested. This frequency may relate to differences
in the metabolic state of individual cells at the time of
recording, or may reflect subpopulations of hepatocytes
taken from different regions of the liver, such as those from
periportal vs. perivenous locations. This is consistent with
reports that hepatocytes from different regions of the liver
differ in their sensitivity to calcium-mobilizing hormones
[26], and vary in their responsiveness to metabolic inhibitors
[27]. Further, calcium mobilization in one region can be
propagated through gap junctions to coordinate metabolism
at the whole-organ level [28,29]. Future studies could
employ selective isolation procedures or slice imaging
techniques to investigate the possibility that a signal reflect-
ing altered metabolism due to 2,5-AM exposure in one
region of the liver may be transmitted throughout the tissue.a cell that also responded to 2,5-AM (1 mM). Of seven 2,5-AM responsive
).
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[18] also elicited increases in intracellular calcium, in a
comparable time frame. Consistent with this finding is the
observation that hepatocytes from fasted rats also exhibit
higher intracellular calcium [30] and lower ATP levels [31]
than those of fed rats. The differential effects of low vs. high
concentrations of fructose are also consistent with a calcium
response mechanism that is related to phosphate-trapping
and depletion of ATP induced by both high concentrations of
fructose and more moderate amounts of 2,5-AM. It is of
interest to note that rapid infusions of high concentrations of
fructose elicit eating in rabbits [32], and reduce Pi and ATP
levels in perfused liver [33,34]. In contrast, slow fructose
infusions suppress feeding in rats [35], and incubation with
low concentrations of fructose (up to 4 mM) did not affect
hepatocyte ATP levels [25] within the time frame of the
calcium influx and initiation of food intake observed in
response to 2,5-AM. These results are thus consistent with
the idea that hunger is triggered under conditions in which
hepatic ATP levels are reduced and hepatocyte calcium
levels elevated, although they do not prove a causal link
between these events. They further suggest that the calcium
response is not solely due to changes in water content
resulting from osmolyte transport [36].
Many hormones and metabolites alter hepatocyte calcium
levels, and the mechanisms underlying hepatocyte calcium
regulation have been extensively studied [37]. Changes in
intracellular calcium in hepatocytes can result from the
action of a variety of mechanisms. These include: uptake
from the external medium through receptor-activated calci-
um channels [38,39], changes in the rate of calcium removal
via the Ca-ATPase [40], and release from a variety of
intracellular sources [41]. Receptor-mediated release of
calcium from internal stores is dependent on hydrolysis of
phosphoinositoldiphosphate (PIP2) and conversion to inosi-
tol trisphosphate (IP3) (e.g., [39,42]). The role of the Na
+/
Ca+ exchanger in hepatocyte calcium homeostasis has been
debated in the literature. Current evidence suggests that its
action in hepatocytes differs from that of excitable cells in
that inhibition due to agents such as ouabain has little effect
on intracellular calcium levels [43]. In contrast, this exchang-
er may play a larger role in prevention of sodium overload
under potentially toxic conditions via action in the reverse
direction [44], although earlier studies suggested a larger role
in calcium homeostasis and unidirectional operation [45].
The data presented suggest that the increase in calcium is
primarily due to release from intracellular stores dependent
on the action of phospholipase C, presumably via IP3.
Several IP3-sensitive intracellular calcium stores exist in
hepatocytes, including those in endoplasmic reticulum
[46], the mitochondria [47], and the nuclear envelope [48].
Further work will be needed to ascertain which of these are
responsible for the observed effect of 2,5-AM. It is also
possible that other mechanisms may contribute to the eleva-
tion of internal calcium elicited by 2,5-AM, such as a
reduction in Ca+-ATPase activity, release from calcium-binding proteins, or an elevation of internal sodium and
subsequent activation of the Na+/Ca+ exchanger. This latter
mechanism would also be consistent with the results of NMR
data demonstrating sodium elevation in isolated hepatocytes
[49]. However, if calcium uptake compensatory to sodium
extrusion via the Na+/Ca+ exchanger triggered by run-down
of the sodium pump were solely responsible for the calcium
response to 2,5-AM, removing external calcium should
prevent this response. Our data are not consistent with this
scenario, as removal of external calcium or replacement of
calcium with cobalt failed to prevent the 2,5-AM-induced
calcium increase. In contrast, inhibition of phospholipase C
with neomycin and emptying of intracellular stores with
thapsigargan each prevented the calcium response to 2,5-
AM. Our findings are thus consistent with an effect that is
secondary to the depletion of phosphate and ATP, and linked
to activation of phospholipase C. While the elevation in
internal calcium that we observed is thus unlikely to be due
solely to Na+/Ca+ exchange activity, our data do not preclude
concurrent Na+/Ca+ exchange, nor do they exclude a contri-
bution from external sources under physiological conditions.
Regardless of the mechanisms accounting for the calcium
elevation, our data establish that exposure to 2,5-AM at
concentrations shown to reduce hepatocyte ATP result in a
calcium increase in a significant proportion of hepatocytes.
The link between the calcium response to 2,5-AM and its
effect on eating behavior remains correlational at present,
but could involve changes in membrane potential, as sug-
gested by others [50–52], or secretion of a neuromodulator.
The demonstration that 2,5-AM elicits changes in both
internal sodium [49] and calcium thus represents a further
step towards identification of a signaling mechanism by
which changes in hepatic energy status may be transduced
into a signal that communicates the need for ingestive
behavior to the nervous system. Future studies will seek
to identify subsequent steps, including the potential for
communication of these ionic fluxes throughout the liver
and secretory release of a neuroactive signal.Acknowledgements
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